It has been suggested that degradation of polyubiquitylated proteins is coupled to dissociation of 26S proteasomes. In contrast, using several independent types of experiments, we find that mammalian proteasomes can degrade polyubiquitylated proteins without disassembling. Thus, immobilized, 35 S-labeled 26S proteasomes degraded polyubiquitylated Sic1 and c-IAP1 without releasing any subunits. In addition, it is predicted that if 26S proteasomes dissociate into 20S proteasomes and regulatory complexes during a degradation cycle, the reassembly rate would be limiting at low proteasome concentrations. However, the rate with which each proteasome degraded polyubiquitylated Sic1 was independent of the proteasome concentration. Likewise, substrate-dependent dissociation of 26S proteasomes could not be detected by nondenaturing electrophoresis. Lastly, epoxomicin-inhibited 20S proteasomes can trap released regulatory complexes, forming inactive 26S proteasomes, but addition of epoxomicin-inhibited 20S proteasomes had no effect on the degradation of either polyubiquitylated Sic1 or UbcH10 by 26S proteasomes or of endogenous substrates in cell extracts.
INTRODUCTION
Intracellular protein degradation is involved in many fundamental processes in eukaryotic cells (Glickman and Ciechanover, 2002; Pickart and Cohen, 2004) . The degradation is carried out by 26S proteasomes. These are complicated molecular machines, which consist of a cylindrical 20S proteasome with regulatory ATPase complexes (RCs) attached to one or both ends. The proteolytically active sites are exposed to the interior of the 20S proteasome cylinder (Lö we et al., 1995; Groll et al., 1997) . In order to reach the active sites, native, folded substrate proteins therefore have to be unfolded by the RCs and be threaded into the cylinder. In the absence of ATP, the RCs dissociate from 20S core proteasomes (Eytan et al., 1989; Orino et al., 1991) . The RC is quite stable and was originally purified and described as an activator of 20S proteasomes (Hoffman et al., 1992; Ma et al., 1994) .
In yeast, the RC can be split into two subcomplexes, the lid and the base, by treatment with salt . The base contains three subunits without known enzyme activity as well as six different ATPases of the AAA family, which are thought to form a ring that makes contact to the ends of the 20S proteasome cylinder (Hartmann-Petersen et al., 2001; Smith et al., 2007) . Base complexes have chaperone activity (Braun et al., 1999; Liu et al., 2002) and are therefore believed to assist in unfolding of substrate proteins. The lid consists of at least nine different subunits. It has ubiquitin hydrolase activity and is involved in release of ubiquitin from the ubiquitin-coupled substrates (Guterman and Glickman, 2004; Koulich et al., 2008) . Three subunits of the RC, Rpt5, Rpn13, and S5a/Rpn10, bind polyubiquitin and are therefore involved in substrate binding (Deveraux et al., 1994; Lam et al., 2002; Elsasser et al., 2004; Husnjak et al., 2008) . Curiously, S5a/Rpn10 and Rpn13 are dispensable for cell viability (Kominami et al., 1997; van Nocker et al., 1996; Wilkinson et al., 2000; Verma et al., 2000) . Subunit S5a/Rpn10 forms contacts to both the lid and the base . In yeast, Rpn10 is found both proteasome bound and in the free state (van Nocker et al., 1996) . It has therefore been suggested to shuttle between proteasomes and a pool of free S5a/Rpn10, perhaps bringing substrates to the proteasome. However, no pool of free S5a/Rpn10 is found in mammalian cells (Hendil et al., 2002) .
ATP has at least two roles in 26S proteasome function. For one, it is necessary to stabilize the binding of 20S proteasomes to the RCs. This binding causes opening of the pore into the 20S proteasomes Kohler et al., 2001; Kleijnen et al., 2007; Smith et al., 2007) . Besides, ATP is consumed when the RCs unfold substrates (Benaroudj et al., 2003; Smith et al., 2005; Liu et al., 2006) . In order to become 26S proteasome substrates, most proteins are polyubiquitylated, i.e., they are coupled to a chain of ubiquitin moieties. Once the chain has a length of at least four ubiquitin moieties, it gains affinity for the 26S proteasome (Thrower et al., 2000) . The protein must also have an unstructured stretch of polypeptide chain, which may act as an initiation site for degradation (Lee et al., 2001; Prakash et al., 2004; Takeuchi et al., 2006) . It is not known exactly how ubiquitylated substrate proteins are engaged by the proteasome or how they become threaded into the proteasome core particle.
The frailty of the 26S proteasomes has led to speculations on whether 26S proteasomes undergo obligatory dissociationreassociation reaction cycles like the GroEL/GroES chaperone or ribosomes. In a former study, we (Hendil et al., 2002) used species-specific monoclonal antibodies to proteasome subunits to follow the exchange of RCs between murine and human 26S proteasomes in freshly prepared cell extracts, which continue to degrade endogenous substrates for some time. We estimated that the exchange rate was about a hundred times too slow to be an obligatory step in a substrate degradation cycle and concluded that dissociation of 26S proteasomes is not a mandatory step in a degradation cycle. In contrast, Babbitt and coworkers (Babbitt et al., 2005) reported a fast ATP-dependent release of subcomplexes from yeast proteasomes. They suggested that disassembly of the 26S proteasomes is part of the catalytic cycle.
In our former study, we used crude cell extracts and relied on undefined, endogenous proteasome substrates, whereas Babbitt et al. (2005) worked with defined biochemical preparations. We have therefore readdressed the question of whether 26S proteasomes undergo an obligatory dissociation and reassembly during their reaction cycle. We use well-defined components, namely purified, mammalian 26S proteasomes and polyubiquitylated Sic1, c-IAP1, and UbcH10 proteins, as model substrates. Our results show that 26S proteasomes can degrade several molecules of substrate without any release of subunits or subcomplexes.
RESULTS

Preparation of Polyubiquitylated Sic1
In order to study substrate-dependent release of proteasome subunits, we prepared a known proteasome substrate, polyubiquitylated Sic1, henceforth referred to as Ub n Sic1 (Verma et al., 2000 (Verma et al., , 2001 (Verma et al., , 2004 Petroski and Deshaies, 2003; Saeki et al., 2005; Babbitt et al., 2005) . Briefly, Sic1 was expressed with a ubiquitylation motif, which is recognized by the ubiquitin ligase Rsp5. After purification, Sic1 was ubiquitylated in a reaction with ubiquitin, recombinant ubiquitin-activating enzyme, Uba1, the ubiquitin carrier protein, Ubc4, and a truncated version of the Rsp5 ubiquitin ligase (Saeki et al., 2005) . Ubiquitylation was highly processive since mainly high-molecular-weight ubiquitylated Sic1 was formed even at time points where free Sic1 was still present ( Figure 1A ). Polyubiquitylated Sic1 Is a Substrate for 26S Proteasomes Soluble 26S proteasomes, 20S proteasomes, and RCs were purified from red blood cells, and the purity was assessed by both nondenaturing electrophoresis and SDS-PAGE (Figures 1B and 1C) . In some experiments immobilized 26S proteasomes were obtained by precipitation from an extract of HeLa cells, expressing a protein A-tagged proteasome subunit b1 (Klare et al., 2007) ( Figure 1C, lane 4) . 35 S-Ub n Sic1 was incubated with purified 26S proteasomes and the degradation was followed as formation of TCA-soluble radioactivity. Ub n Sic1 was degraded much faster by 26S proteasomes than by 20S proteasomes and its degradation depended on ATP ( Figure 1D ). In this context ATP has two functions. It stabilizes the interaction between 20S proteasome core particles and RCs and promotes the degradation of folded protein substrates. The noncleavable ATP analog, AMP-PNP, stabilizes 26S proteasomes but cannot support degradation of folded substrates (Smith et al., 2005; Liu et al., 2006) . Since AMP-PNP also did not support degradation of Ub n Sic1 ( Figure 1D ), Sic1 probably needs to be actively unfolded in order to be degraded. 26S proteasomes have deubiquitylating activity resting with both intrinsic and loosely associated ubiquitin hydrolases (Stone et al., 2004; Guterman and Glickman, 2004; Koulich et al., 2008) . SDS-PAGE analysis showed that no free Sic1 was formed when Ub n Sic1 was incubated with 26S proteasomes (results not shown). Deubiquitylation was therefore coupled to Sic1 degradation, as found in yeast (Verma et al., 2002) . For these several reasons, we believe that Ub n Sic1 behaves like a bona fide substrate for mammalian 26S proteasomes, as previously described for yeast (Verma et al., 2000) .
Slow Subunit Release from Immobilized 26S Proteasomes
Protein A-tagged 26S proteasomes were expressed in HeLa cells. The 26S proteasomes were precipitated with immunoglobulin-Sepharose from an extract of HeLa cells, which had been metabolically labeled with 35 S-methionine. Putative release of labeled 26S proteasome subunits from the beads into the supernatant during degradation could then be followed by SDS-PAGE.
In such experiments, addition of Ub n Sic1 did not cause any increase in release of proteasome subunits above the slow bleeding seen in the absence of substrate ( Figure 2A ). In parallel incubations, the degradation of 35 S-Ub n Sic1 by unlabeled 26S proteasomes was followed by acid precipitation. The amount of 26S proteasomes on the beads was determined by SDS-PAGE and densitometry of Coomassie-stained gels. In this experiment, at least 300 moles of Ub n Sic1 were degraded to TCA-soluble peptides by each mole of 26S proteasome during an incubation of 1 hr. If 26S proteasomes disassemble as an obligatory step in substrate degradation, all 26S proteasomes should therefore have dissociated several times during the experiment. Since no free subunits or subcomplexes were detected, the results suggest that 26S proteasomes do not dissociate as part of their reaction cycle. The failure to detect released subunits might owe to fast reassembly of 26S proteasomes. In order to chase released, radioactive subunits from the immobilized proteasomes, we therefore added unlabeled 26S proteasomes, which had been purified from human red blood cells. These 26S proteasomes have no protein A tag and could therefore not bind to the immunoglobulin beads. Since both immobilized and soluble 26S proteasomes are exposed to substrate, they should exchange subunits unless they remain stable during degradation of Ub n Sic1. The putative release of subunits could still not be detected ( Figure 2B) .
Conceivably, the 26S proteasomes might become stabilized by the high concentration of substrate used in these experiments. The experiments were therefore repeated but with varied substrate concentration. However, even with just 0.5 molecule of substrate per proteasome at the beginning of the incubation, no dissociation was seen ( Figure 2C ).
The cells, used as a source of proteasomes, were usually lysed by Triton X-100. One could assume that this removes proteasome-associated proteins (Verma et al., 2000) , which might be necessary for dissociation of 26S proteasomes. We probed for two of them, Hsp70 and hHR23B, which both remained attached to 26S proteasomes even in the presence of detergent ( Figure S1 available online). Besides, the results in Figure 2B did not differ when the experiment was repeated with omission of detergent and with cells homogenized by sonication (results not shown).
Rpn10 is found in the free state in yeast cells (van Nocker et al., 1996; Kominami et al., 1997; Wilkinson et al., 2000) , and Babbitt et al. (2005) found that Rpn10 was released from yeast 26S proteasomes upon incubation with ATP. We therefore also added Ub n Sic1 to labeled 26S proteasomes, which had been bound to beads with an immobilized antibody to S5a/Rpn10. A surplus of unlabeled recombinant S5a was added to some of the incubations as a chasing agent: if the bound S5a subunit dissociated from 26S proteasomes during degradation of Ub n Sic1, all other subunits of the 26S proteasome should become released from the beads. Reassembly would mainly be with the soluble S5a, ensuring that released, radioactive subcomplexes remained in solution. Nonetheless, no such release of 26S proteasome subunits was observed ( Figure 2D ).
Proteasome Stability Does Not Depend on Ubiquitin Chain Structure
Rsp5, the E3 enzyme we used to produce Ub n Sic1, seems to generate ubiquitin chains coupled via isopeptide linkages to Lys63 of the preceding ubiquitin moiety (Kee et al., 2005; Stawiecka-Mirota et al., 2007) . Many physiological proteasome (D) Degradation of Ub n Sic1. Polyubiquitylated 35 S-Sic1 (2.2 mM) was incubated for 60 min at 37 C with proteasomes as indicated (2.6 nM human 26S proteasomes or 20S proteasomes in 30 ml of buffer C) before degradation was determined as the increase in TCA-soluble radioactivity. Degradation was measured in the presence of 2 mM ATP (columns 1 and 2), or ATP was removed by addition of apyrase (0.6 units bound to 10 ml of Sepharose beads, columns 3 and 4). In column 4, AMP-PNP, 100 mM, was added along with the apyrase. Degradation depended on 26S proteasomes and ATP, and the noncleavable ATP analog could not substitute.
substrates are believed to have ubiqutin chains connected via Lys48 (Chau et al., 1989) . We therefore prepared Ub n Sic1 as before, but with a ubiquitin variant, where all lysine residues except that in position 48 had been replaced by arginine. As with wildtype ubiquitin, ubiquitylation of Sic1 resulted in high-molecularmass Ub n Sic1 (results not shown). A repeat of the experiment in Figure 2A but with Lys48-linked Ub n Sic1 still showed no release of proteasome subunits ( Figure S2 ), though each mole of proteasomes degraded several moles of substrate during the incubation. c-IAP1 is a ubiquitin ligase, which becomes autoubiquitylated and is a natural substrate for mammalian 26S protesomes (Yang et al., 2000) . Incubation of polyubiquitylated c-IAP1 with immobilized, labeled 26S proteasomes caused no liberation of subunits ( Figure S3 ) though 8 moles of substrate was degraded per mole of 26S proteasome. Mass spectrometry of tryptic digests of the polyubiquitylated c-IAP1 showed that it contained mixed chains with both Lys48 and Lys63 linkages (data not shown).
Immobilized Proteasomes Are Accessible to Regulatory Complexes
These negative results might be explained if the chasing agents, unlabeled S5a/Rpn10 or RCs, could for some reason not enter the Sepharose matrix, to which the labeled proteasomes were tethered. As a direct check of the accessibility of 20S proteasomes in a Sepharose gel, we followed the formation of 26S proteasomes as the activation of peptidolytic activity of the 20S proteasome by the RC (Ma et al., 1994) . Purified RCs were incubated with immobilized and soluble 20S proteasomes, and activation was measured as the increase in hydrolysis of the fluorogenic substrate, Suc-LLVY-AMC. Figure 2E shows that immobilized 20S proteasomes and soluble 20S proteasomes react equally fast with RCs. The data in Figure 2 therefore suggest that no subunit or subcomplex was released from the immobilized, labeled 26S proteasomes though they each degraded several mole equivalents of substrate.
Substrate Degradation Is Sustained, Also at Low 26S Proteasome Concentrations If 26S proteasomes dissociate into subcomplexes as an obligatory step in substrate degradation, the protein degradation rate should depend on the concentration of 26S proteasomes: once the 26S proteasome has degraded one molecule of substrate and has dissociated, according to the theory, it will have to reassemble in order to degrade the next one. The reassembly rate is expected to be proportional to the product of the concentrations of the individual subcomplexes to which the particle decays. At low proteasome concentrations, this reassembly may therefore be rate limiting for protein degradation.
We measured the degradation of Ub n Sic1 in experiments where the concentration of 26S proteasomes was being varied 10-fold while the concentration of substrate was kept constant. As shown in Figure 3A , the degradation rates for the first 4 min, where approximately 20 moles were degraded, were almost the same at the concentration range used. With extended incubation time the degradation rates leveled off when about half of the substrate was consumed (results not shown). The decrease in degradation rate with longer incubations, particularly at high concentrations of proteasomes, is probably caused by the heterogeneity of the substrate. Sic1 molecules with optimal ubiquitin chains therefore constitute only a fraction of the population of Ub n Sic1 molecules and become depleted if enough proteasomes are present. The nondegraded Ub n Sic1 may have an inappropriate chain structure (Kim et al., 2007) .
26S Proteasome Assembly Kinetics
How do the data in Figure 3A fit with the reassembly rate of 26S proteasomes? The study of Babbitt et al. (2005) suggested that 26S proteasomes decay to core 20S proteasomes, free S5a, and RC or perhaps even subcomplexes of the RC. The more decay products that are involved, the more dramatic should the concentration effect be. Let us, for simplicity, assume that 26S proteasomes decay to just 20S proteasomes and RCs. The association constant for the reaction between RCs and 20S proteasomes was measured by surface plasmon resonance spectrometry, which gave a value of (6.1 ± 0.2) 3 10 6 M À1 min
À1
( Figure 3B ). To check the assembly rate in solution, 20S proteasomes were incubated with RCs and ATP and assembly was followed by nondenaturing electrophoresis and immunoblotting. 26S proteasomes can be separated from the faster-migrating, free RCs ( Figure 3C ). Staining intensities of the bands with double-capped and single-capped proteasomes were assessed by densitometry. Such experiments have a poor time resolution, but, as shown in Figure 3D , the data with soluble proteasomes are in good agreement with the association constant, determined by surface plasmon resonance spectrometry. Binding of RCs to the two ends of the 20S proteasome is cooperative (Adams et al., 1998) , but the cooperativity is too small to be detected in our experiments and has therefore been neglected in the calculations, given below. In the experiment, shown in Figure 3A , the turnover rate was about 5 moles of substrate per mole of proteasome per minute. If 26S proteasomes dissociate once for each molecule of substrate degraded, the first-order rate constant for 26S proteasome decay is therefore expected also to be 5 min À1 in the presence of substrate. In this experiment, the 20S proteasome concentration was between 9 3 10 À8 M and 9 3 10 À9 M. With the second-order rate constant for reassembly of 6.1 3 10 6 M À1 min À1 , it can be calculated (see Supplemental Data) that, at equilibrium, only 16% of the proteasomes in the most concentrated and 2% in the most dilute solution of proteasomes should be in 26S complexes while the remainder should be present as free 20S proteasomes. This should result in an 8-fold difference in the initial degradation rates between the preparations used in the experiments in Figure 3A , provided that proteasomes dissociate during their degradation cycle. This was evidently not observed.
We also analyzed 26S proteasomes, incubated with and without substrate, by nondenaturing electrophoresis. When Ub n Sic1 was added, the proteasomes could no longer enter the separation gel ( Figure 3E ), probably because they formed complexes with Ub n Sic1. Similar formation of large complexes between 26S proteasomes and substrate was seen by Elsasser et al. (2004) . Still no released proteasome subunits could be detected ( Figure 3E ). Again, we conclude that 26S proteasomes do not dissociate while degrading substrate.
Inactive Core Proteasomes Do Not Influence Activity of Pre-existing 26S Proteasomes
The proteolytic activity of proteasomes can be irreversibly inhibited with epoxomicin (Meng et al., 1999) . In another type of experiment, we used inhibited 20S proteasomes as a sink for putatively released RCs ( Figure 4A ): If inhibited 20S proteasomes are present in surplus, any RCs, released from active 26S proteasomes should form proteolytically inactive 26S proteasomes by combining with the inhibited 20S proteasomes. First we checked, by nondenaturing electrophoresis, that epoxomicininhibited 20S proteasomes associated with RCs as easily as did uninhibited 20S proteasomes ( Figure 4B ).
Since 26S proteasomes have a much higher hydrolytic activity with peptide substrates than do 20S proteasomes (Ma et al., 1994) , we could prove that epoxomicin-inhibited 20S proteasome did indeed interrupt formation of active 26S proteasomes.
RCs were incubated with active 20S proteasomes, and the association was followed as the activation of hydrolytic activity with Suc-LLVY-AMC as the substrate. After 5 min, epoxomicininhibited 20S proteasomes were added in a 20-fold excess to half of the preparation. This stopped formation of active 26S proteasomes ( Figure 4C ). In the absence of RCs, epoxomicin-inhibited 20S proteasomes did not influence the activity of 20S proteasomes ( Figure 4C ). The interruption of formation of 26S proteasomes, seen when inhibited 20S proteasomes are added to active 20S proteasomes and RCs, is therefore caused by the limited amount of active 20S proteasomes now having to To check for proteasome disassembly, Ub n Sic1 was added to a concentration of 1.4 mM to one sample. After 1 hr the preparations were analyzed by compete with the inactive proteasomes for a limited amount of RCs. Epoxomicin-treated 20S proteasomes can therefore act as an inactivating factor for released RCs. When a constant amount of 26S proteasomes was mixed with a 20-fold surplus of epoxomicin-inhibited 20S proteasomes, a similar decrease in the Ub n Sic1 degradation rate should be observed if 26S proteasomes dissociate during substrate degradation. However, no such effect was observed though each proteasome degraded around 80 mole equivalents of substrate after addition of the inhibited 20S proteasomes ( Figure 4D) . Again, the results show that 26S proteasomes remain stable during degradation of Ub n Sic1. Conceivably, some substrates might cause dissociation of 26S proteasomes while others, like Sic1, are degraded without dissociation of the 26S proteasome. We therefore repeated the experiments from Figure 4D , but with another substrate, polyubiquitylated UbcH10. UbcH10 is a good substrate for 26S proteasomes and depends on polyubiquitylation for its degradation (Liu et al., 2006) . However, the degradation of polyubiquitylated UbcH10 was not inhibited by addition of excess amounts of epoxomicin-inhibited 20S proteasomes ( Figure 4E ). Ubiquitylated UbcH10 is therefore also degraded without dissociation of the 26S proteasome.
26S Proteasomes Disassemble Slowly Also in Cell Extracts
Cell extracts continue to degrade endogenous proteins for some time (Hendil et al., 2002) . Protein degradation in such extracts from 35 S-labeled HeLa cells was followed as the release of TCA-soluble radioactivity. The degradation could be inhibited by MG132 ( Figure 4F ) and was therefore proteasome dependent. Nonetheless, addition of epoxomicin-inhibited 20S proteasomes did not inhibit proteolysis ( Figure 4F ). In HeLa cells, 20S proteasomes constitute around 0.6% of bulk cell protein (Hendil, 1988) . From the protein concentration in the extract (5.9 mg/ml), and assuming a mean molecular mass of the degraded proteins of 50 kDa, we estimate that inhibited proteasomes were added in a 10-fold excess over endogenous proteasomes, and that each 26S proteasome in the extract must have degraded around 60 peptide chains during the experiment (see Hendil et al., 2002) . The absence of effects of the inhibited 20S proteasomes again suggests that there was little dissociation of 26S proteasomes in the extract though each degraded several molecules of mixed, endogenous substrates.
DISCUSSION
It is not yet known how 26S proteasomes engage their substrates and pass them into the reaction chamber in the interior of the 20S core proteasome. Some protein substrates need cofactors like Rad23/hHR23B in order to become degraded. These cofactors have been proposed to shuttle, by first binding substrates and then bringing them to the proteasome (Verma et al., 2000 (Verma et al., , 2004 Hartmann-Petersen et al., 2003; Elsasser et al., 2004; Elsasser and Finley, 2005; Wang and Huang, 2008) . hHR23B and Hsp70 were detectable in our proteasome preparations, which therefore probably also contained other proteasome-associated proteins. Babbitt et al. (2005) described the release of subunit S5a and the RC, or perhaps even subcomplexes of the RC, during substrate degradation. The release depended on both ATP hydrolysis and proteolytic activity of the 20S core proteasome and was suggested to be an obligatory step in the catalytic cycle, perhaps connected to product release. In the present work, we tried to detect the putative, substrate-dependent disassembly in four different ways: (1) by following release of subunits from radioactive, immobilized proteasomes, (2) by looking for released subunits upon nondenaturing PAGE of labeled proteasomes incubated with substrate, (3) by investigating the effect of enzyme concentration on substrate degradation, and (4) by using irreversibly inhibited 20S proteasomes as assembly-dependent inactivating agents for 26S proteasomes. From all four types of experiments, we conclude that Ub n Sic1 is degraded without release of proteasome subunits. These experiments cannot rule out that some substrates depend on proteasome dissociation and reassociation to become degraded. However, other substrates, like polyubiquitylated UbcH10 and c-IAP1, were also degraded without dissociation of proteasomes.
Ubiquitin contains seven lysine residues, which all participate in formation of isopeptide linkages in ubiqutin chains in yeast cells (Peng et al., 2003) . For long, it was believed that only ubiquitin chains linked through Lys48 were relevant for protein degradation in proteasomes (Chau et al., 1989; Gregori et al., 1990; Johnson et al., 1995) . It is now clear that ubiquitin chains with linkages through Lys63 (Hofmann and Pickart, 2001; Babu et al., 2005; Kim et al., 2007) or Lys11 (Jin et al., 2008) or with mixed ubiquitin linkages (Kirkpatrick et al., 2006; Kim et al., 2007) are also substrates for 26S proteasomes. Our model substrates had different ubiquitin chain structures, but none of them provoked dissociation of 26S proteasomes.
While polyubiquitylated c-IAP1 is a natural proteasome substrate, the polyubiquitylated Sic1 and UbcH10, prepared with the PY ubiquitylation motif, are not. One might argue that the artificial substrates, used in this study, are handled differently by the 26S proteasome than are natural substrates, or that certain proteasome-associated cofactors, which might be lacking from our preparations, may be necessary for an obligatory 26S proteasome dissociation cycle.
We therefore also used radioactively labeled cell extract as a source of mixed, natural proteasome substrates and 26S proteasomes but could still not detect inhibition of degradation by addition of epoxomicin-inhibited 20S proteasomes, as it would have been expected if the 26S proteasomes dissociated. In our earlier study on crude cell extracts (Hendil et al., 2002) we also concluded that 26S proteasomes function as stable entities. We therefore believe that substrates, which depend on proteasome dissociation, are not abundant and in general mammalian 26S proteasomes do not undergo obligatory disassembly-reassembly cycles during degradation. Similarly, Cascio et al. (2001) reported that mammalian 26S proteasomes degrade denatured, nondenaturing PAGE. Autoradiography showed that the substrate formed so large complexes with the 26S proteasomes, that they did not even enter the stacking gel. However, no subunits of 26S proteasomes were seen in the gel. S-methionine, 0.15 MBq/ml, 44 TBq/mmol. The cells were then harvested and homogenized in 10 volumes of buffer C. The lysate was centrifuged at 13000 rpm for 10 min and the protein nonubiquitylated ovalbumin at constant rates for hours without apparent proteasome dissociation. Babbitt et al. (2005) used yeast proteasomes, and we cannot exclude that 26S proteasomes from yeast function differently, though most components of the ubiquitin-proteasome system are phylogenetically conserved. Nevertheless such a fundamental difference would be interesting.
While 26S proteasomes are dynamic in the sense that they spontaneously dissociate and reassociate, this takes place at a very slow pace. The association rate constant, found by surface plasmon resonance, was in good agreement with data obtained with proteasomes in solution. However, the rate constant for dissociation is likely to be overestimated. It corresponds to a half-time of about 1 hr though both the results in Figure 2 and other data (e.g., Kleijnen et al., 2007) suggest that 26S proteasomes are rather stable.
The molecular mechanism of the 26S proteasome may preclude very tight binding between RC and core proteasomes. The ATPase subunits in the base are thought to undergo conformational changes, linked to ATP binding and hydrolysis (Horwitz et al., 2007) . A ''wagging'' movement of the RC relative to the core 20S proteasomes has also been suggested from electron microscopy (Walz et al., 1998) . Movements between RC and core proteasome may therefore be functionally important (Smith et al., 2005) .
Eubacteria posses a protein degradation system, which in many ways resembles the eukaryotic proteasome system. The proteolytically active ClpP cylinders from bacteria have occluded active sites, like the eukaryotic 20S proteasome. ClpP associates with the ClpA ATPase, which functionally resembles the eukaryotic regulatory complex. Interestingly, the ClpP-ClpA complex also remains stable during several rounds of substrate degradation (Singh et al., 1999) even though ClpP and proteasomes are structurally unrelated.
EXPERIMENTAL PROCEDURES
Reagents ATP was purchased from Roche, 35 S-methionine from GE Healthcare (Redivue ProMix), and Suc-LLVY-AMC from Bachem. MG132, epoxomicin, and monoclonal antibodies to proteasomes were purchased from BIOMOL, rabbit immunoglobulin from Calbiochem, and ubiquitin and apyrase from Sigma. Antibody to hHR23B and Hsp70 (clone 5A5) were obtained from Santa Cruz and Abcam, respectively. Apyrase was bound to CNBr-Sepharose (GE Healthcare) to around 0.1 mg/ml gel. Antibodies were purified and similarly coupled but to around 2 mg/ml gel.
Buffers
The following buffers were used: buffer A-50 mM Tris/HCl pH 7.5, 100 mM NaCl, 10 % glycerol; buffer B-50 mM Tris/HCl pH 8.0, 5 mM DTT, 10 mM MgCl 2 , 0.05% Tween-20, 0.5 mM ATP; buffer C-2 mM ATP, 10 mM MgCl 2 , 1 mM DTT in buffer A.
Degradation Assay
For degradation assay, 30 ml (if not stated differently) of buffer C with 26S proteasomes or 20S proteasomes and polyubiquitylated substrate, as indicated, was incubated at 37 C. The reaction was stopped at specific time points by transferring a sample to TCA precipitation or to SDS-Sample buffer for electrophoresis. For TCA precipitation, 10 ml of sample was mixed with 200 ml of bovine serum albumin (5 mg/ml) followed by 10 ml of 100% (w/v) of TCA. Samples were centrifuged at 13000 rpm for 15 min before 180 ml of the supernatant was counted in 2.5 ml Pico-Fluor 40 (Perkin-Elmer) in a liquid scintillation counter. Total radioactivity was similarly determined on 10 ml of sample dissolved in 170 ml of 0.1 M NaOH and added to 2.5 ml Pico-Fluor 40.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, Supplemental Results, and three figures and can be found with this article online at http://www.cell.com/cgi/content/full/135/2/355/DC1/.
